Linearization through distortion: a new facet of negative feedback in signalling by Becskei, Attila
NEWS AND VIEWS
Linearization through distortion: a new facet of
negative feedback in signalling
Attila Becskei*
Institute of Molecular Biology, University of Zurich, Zurich, Switzerland
* Corresponding author. Institute of Molecular Biology, University of Zurich, Winterthurerstrasse 190, 8057 Zurich, Switzerland. Tel.: +41 446353180;
Fax: +41 446356811; E-mail: attila.becskei@molbio.uzh.ch
Molecular Systems Biology 17 March 2009; doi:10.1038/msb.2009.14
This is an open-access article distributed under the terms of the Creative Commons Attribution Licence,
which permits distribution and reproduction in any medium, provided the original author and source are
credited.Creationofderivativeworksispermittedbuttheresultingworkmaybedistributedonlyunderthe
same or similar licence to this one. This licence does not permit commercial exploitation without speciﬁc
permission.
Negative feedback is a ubiquitous regulatory motif in
physiological systems, and signalling and genetic networks.
The beneﬁts of negative feedback in homoeostasis have been
appreciated for a long time. It helps keep body temperature,
and concentrations of ions and metabolites in a narrow range
that is compatible with the proper functioning of the organism
(Schmidt and Simon, 1982). A related phenomenon is noise
suppression, whereby random changes in the concentration of
a component in single cells become biased towards the
population mean. In this way, negative feedback can narrow
down the variability of gene expression in a cell population so
that the cells can operate in concord, even when individually
they experience ﬂuctuating external or internal milieus.
Although noise suppression has been addressed by a few
studies, little attention has been paid to how the mean value of
the input signal is converted by negative feedback. A
surprising aspect of this signal conversion was revealed by a
recent work of Bala ´zsi and his colleagues (Nevozhay et al,
2009). They demonstrate that negative autoregulation can
act as a signal linearizer. A linearizer enables a signal to
propagate faithfully without distorting its shape. This feature
has the potential to greatly enhance the accurate functioning
of cells.
Much of the prior research in cellular signalling has focused
on how cells can amplify the signal and how they can increase
the sensitivity of the response, so that a small change in the
input is accompanied by a larger relative change in the output.
Switch-like behaviour due to high sensitivity can facilitate
decision-making during cell differentiation, and also enables
a more efﬁcient propagation of signals through a cascade
(see e.g. Paliwal et al, 2007). However, ampliﬁcation may
entail undesired saturation of a response. For example,
ampliﬁcation can occur when a transcriptional activator
produced from a weak promoter triggers a strong gene
expression at its target promoter. To achieve this, the target
promoter has to contain multiple binding sites for the
activator, and the cooperative binding to these sites makes
the response switch-like, whereby sensitivity is high but the
response quickly saturates as the activator binding increases
(Becskei et al, 2005). In this way, linearity is lost during
ampliﬁcation.
In wireless communication, a contrivance, named
predistorter, has been employed to counteract the saturating
behaviour of the ampliﬁer. The predistorter has the inverse
response characteristics of the ampliﬁer. Thus, when a signal
propagates through both the predistorterand the ampliﬁer, the
signal becomes linearly ampliﬁed (Figure 1A).
Nevozhay et al made a surprising ﬁnding while exploring
the mathematical model that describes a synthetic
circuit containing a negative feedback loop. They showed that
the autoregulatory loop coupled to a reporter gene behaves
similarly to a pair of a predistorter and an ampliﬁer. Their
actual circuit consisted of two genes, expressing the bacterial
repressor protein, TetR, and the reporter gene, GFP, in the
eukaryoticmodelorganism,thebudding yeast(Figure1B). For
eukaryotic gene expression to be turned on, a transcriptional
activator has to bind to the promoter. Thus, the promoters of
thegenescontainbindingsitesforthegalactose-inducibleGal4
activator and binding sites for TetR, to introduce negative
regulation. In this way, TetR inhibits its own expression and
the expression of GFP, which was used to quantify the output.
The drug anhydrotetracycline was used to modulate the
binding of TetR to the promoter.
They observed a highly linear dependence of GFP expres-
sion on anhydrotetracycline concentration, up to a point close
to the maximal expression. The promoters driving TetR and
GFP expression are identical, so they have the same response
function. However, the negative feedback inverts the response
to anhydrotetracycline. In this way, the distorted function can
be re-distorted at the level of the GFP readout, which results in
a highly linear output. A corollary of this mechanism is that if
the responses of the promoters are not identical, the linearity
will be compromised, because the distorted function will not
be the exact inverse function of the ampliﬁer function. To
prove this experimentally, they changed the number of TetR-
binding sites in the promoter of the reportergene, which alters
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linearity was compromised, when the response functions at
the two promoters differed.
Subsequently, Bala ´zsi and his colleagues explored noise
suppression. Previous studies showed that autoregulated
prokaryotic transcriptional repressors expressed from plas-
mids suppress noise in gene expression caused by ﬂuctuations
in plasmid copy number (Dublanche et al, 2006). Noise
suppression occurs by shifting noise to higher frequencies
where it may have a negligible effect on the behaviour of gene
circuitsthatdampenoutrapidﬂuctuations(Austinetal,2006).
However,negativefeedbackcould,inprinciple,augmentnoise
in some conditions (Paulsson, 2004). For example, when the
feedback is mediated by multiple steps, the propagating signal
feeds back after a longer delay, which can have a destabilizing
effect. In such case, even oscillations can arise so that the
concentration of the repressor would meander around the
population mean (Kurosawaet al, 2002). Adelaycan arise due
to nuclear transport in eukaryotes, as the transcription factor
crosses the nuclear envelope. As the auto-repression construct
used by Nevozhay et al was integrated into a yeast chromo-
some, it was unclear, a priori, whether noise unrelated to
plasmid ﬂuctuations could be suppressed. Furthermore, the
delayduetonuclear transport could haveresultedin increased
noise levels. Therefore, it was a rather unexpected observa-
tion, that negative feedback resulted in a massive, sevenfold,
noise reduction. When the feedback loop was eliminated, a
broad bimodal distribution of gene expression was unmasked
in the cell population.
An effect related tolinearization has recently been identiﬁed
in the pheromone response system of yeast (Yu et al, 2008).
There, negative feedback aligns the dose–response of con-
secutive steps in a pathway, which then results in a highly
linear input–output relation between the pheromone concen-
tration and kinase activity. It will be of interest to see whether
the two forms of linearization are based on shared mechan-
isms and what the important parameters are that enable the
negative feedback to act as a linearizer. It remains also to be
determined whether the predistortion by negative feedback
contributes to noise suppression. This is not necessarily the
case. For example, if a predistorter is linearly coupled to an
ampliﬁer, it can actually increase noise. On the other hand,
when it is incorporated within a feedforward system, then
noise is expected to be reduced (McNeilage et al, 1998). It will
be certainly exciting to explore and to design circuits that not
only amplify but also transmit signals faithfully, in a linear
manner. This would not only boost our theoretical under-
standing but might also lead to the improvement of expression
systems in biotechnological applications.
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Figure 1 The principles of linearization by a predistorter and a gene circuit
where linearization was observed. (A)When the input signal propagates through
thepredistorterandtheampliﬁer,theoutputsignalisalinearfunctionoftheinput,
providedthepredistorting functionistheinversefunctionoftheampliﬁerfunction.
The perfect predistorter function can be obtained by reﬂecting the ampliﬁer
function across the diagonal between the axes. (B) The autoregulatory genetic
construct used by Nevozhay et al. The promoters are activated by Gal4 when
galactose was added, and they are inhibited by TetR. The binding of TetR to the
promoters is inhibited by anhydrotetracycline.
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